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ABSTRACT
With continued improvement in telescope sensitivity and observational techniques, the
search for rocky planets in stellar habitable zones is entering an exciting era. With
so many exoplanetary systems available for follow-up observations to find potentially
habitable planets, one needs to prioritise the ever-growing list of candidates. We aim
to determine which of the known planetary systems are dynamically capable of hosting
rocky planets in their habitable zones, with the goal of helping to focus future planet
search programs.
We perform an extensive suite of numerical simulations to identify regions in the hab-
itable zones of single Jovian planet systems where Earth mass planets could maintain
stable orbits, specifically focusing on the systems in the Catalog of Earth-like Exo-
planet Survey Targets (CELESTA).
We find that small, Earth-mass planets can maintain stable orbits in cases where
the habitable zone is largely, or partially, unperturbed by a nearby Jovian, and that
mutual gravitational interactions and resonant mechanisms are capable of producing
stable orbits even in habitable zones that are significantly or completely disrupted by
a Jovian.
Our results yield a list of 13 single Jovian planet systems in CELESTA that are not
only capable of supporting an Earth-mass planet on stable orbits in their habitable
zone, but for which we are also able to constrain the orbits of the Earth-mass planet
such that the induced radial velocity signals would be detectable with next generation
instruments.
Key words: methods: numerical – planets and satellites: dynamical evolution and
stability – planets and satellites: general – planetary systems – astrobiology
1 INTRODUCTION
One of the most exciting goals in astrophysics is the dis-
covery of a true, twin Earth: a rocky planet of similar size,
structure and composition to Earth on a stable orbit within
its host star’s habitable zone1 (HZ) (Kasting et al. 1993;
Kopparapu et al. 2013). As a result of biases inherent to
observational techniques, the first exoplanets detected were
often both massive and close to their host stars (e.g. Mayor
& Queloz 1995; Charbonneau et al. 2000). In the decades
since, improved technology has allowed for the detection of
lower mass planets (e.g. Wright et al. 2016; Vogt et al. 2015)
and planets with greater orbital periods (e.g. Borucki et al.
2013; Jenkins et al. 2015). We are only now beginning to
discover planets with orbital periods of a decade or more,
1 The HZ is a region around a star in which liquid water can
be maintained on the surface of a rocky planet that hosts an
atmosphere.
including Jupiter analogs (Wittenmyer et al. 2016). We now
know of over 34002 confirmed exoplanets (NASA Exoplanet
Archive, exoplanetarchive.ipac.caltech.edu) with a variety of
radii, masses and orbital parameters. In the coming years,
we will begin to search for potentially habitable exo-Earths
and so in this work we aim to determine how to best focus
our future efforts.
Several methods have been used in the past to pre-
dict stable regions and the presence of additional exoplanets
in confirmed exoplanetary systems. Some methods predict
the presence of a planet by simulating observable proper-
ties of debris discs (e.g. Thilliez & Maddison 2016). Oth-
ers utilise dynamical simulations to demonstrate that mass-
less test particles can remain on stable orbits in multiple
planet systems, thus identifying potential regions of stabil-
ity (e.g. Rivera & Haghighipour 2007; Thilliez et al. 2014;
2 As of 2 February 2017.
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Kane 2015). Such stable regions can then be the focus of
follow up simulations involving Earth-mass planets (Kane
2015).
Assessing the stability of a system by considering a re-
gion of chaos surrounding any known exoplanet has also been
used to predict regions of stability in exoplanetary systems
(Jones et al. 2001; Jones & Sleep 2002; Jones et al. 2005;
Jones & Sleep 2010; Giuppone et al. 2013). The unstable,
chaotic region around a planet is often calculated to be some
multiple of its Hill radius (Jones et al. 2001; Jones & Sleep
2002), where the multiplying factor is sometimes derived nu-
merically (Jones et al. 2005; Jones & Sleep 2010). Alterna-
tively, Giuppone et al. (2013) present a semi-empirical sta-
bility criterion to quickly infer the stability of existing sys-
tems. They test the validity of the criterion by simulating
both single and multiple planet systems, and demonstrate
that their criterion is an effective tool for identifying which
exoplanetary systems can host additional planets.
In this work, we aim to identify the properties of plane-
tary architectures in single Jovian planet systems that could
harbour an Earth-mass planet in the HZ, with a specific
focus on those presented in the Catalog of Earth-like Exo-
planet Survery Targets (CELESTA) (Chandler et al. 2016).
We first divide the selected systems into three broad classes
that indicate their likelihood of hosting stable Earths in
their HZ in order to theoretically eliminate systems that
almost certainly host stable HZs from our numerical study.
Since these HZs are all stable, numerical simulations would
not help constrain the locations within the HZ where stable
Earths might reside. For the remaining systems, we use the
swift N-body software package (Levison & Duncan 1994) to
help identify regions where Earth-mass planets could main-
tain stable orbits by first performing dynamical simulations
using massless test particles spread throughout the HZ of
each system. We follow these with a suite of dynamical sim-
ulations using a 1 M⊕ planet to ultimately predict which
systems could host a stable Earth in their HZ, help constrain
where, and determine what the strength of the induced ra-
dial velocity signal would be.
In section 2 we introduce the motivation for analysing
single Jovian planet systems. In section 3, we describe the
method used to select the single Jovian planet systems which
we simulate, detail the numerical simulations used to dy-
namically analyse the systems, and discuss how we inter-
pret the simulation results. We then present and discuss our
results in section 4, and summarise our findings in section
5.
2 EXOPLANET POPULATION
Using the Exoplanet Orbit Database (Han et al. 2014, exo-
planets.org), we analyse the currently known exoplanet pop-
ulation.3 Our analysis reveals an interesting feature: the pro-
portion of Jovian planets in single and multiple planetary
systems is skewed in favour of single planet systems (see Ta-
ble 1). Single Jovian planet systems are an interesting subset
3 It should be noted that there are inherent biases in the various
observational techniques that may impact the following analysis,
but for this work we accept the planetary properties and orbital
parameters as they are in the relevant databases.
Table 1. The distribution of exoplanets between Terrestrial plan-
ets, Super-Earths, Neptunians and Jovians amongst single and
multiple planet systems. The class of each planet is defined by
Table 2.
Single Multiple Total
Terrestrials 320 304 624
Super-Earths 458 431 889
Neptunians 349 308 657
Jovians 601 152 753
Total 1728 1195 2923
Table 2. The radius and mass limits used in this work to classify
exoplanets.
rmin rmax mmin mmax
(r⊕) (r⊕) (M⊕) (M⊕)
Terrestrials 0 < 1.5 0 < 1.5
Super-Earths 1.5 < 2.5 1.5 < 10
Neptunians 2.5 < 6 10 < 50
Jovians 6 > 6 50 > 50
of the exoplanet population that could potentially have small
rocky planets hidden in their HZs. Jupiter is thought to have
played a complicated role in the formation and evolution of
the Solar system (e.g. Gomes et al. 2005; Horner et al. 2009;
Walsh et al. 2011; Izidoro et al. 2013; Raymond & Morbidelli
2014; Brasser et al. 2016; Deienno et al. 2016), although the
timing, nature and degree to which it has contributed is a dy-
namic area of research (e.g. Minton & Malhotra 2009, 2011;
Agnor & Lin 2012; Izidoro et al. 2014, 2015, 2016; Levison
et al. 2015; Kaib & Chambers 2016). Further to this, it has
also been suggested that Jupiter may have had a significant
impact on the environment in which life on Earth has de-
veloped (e.g. Bond et al. 2010; Carter-Bond et al. 2012b,a;
Martin & Livio 2013; Quintana & Lissauer 2014; O’Brien
et al. 2014). For this reason, it has been proposed that the
presence of a Jupiter analog in an exoplanetary system may
be an important indicator for potential habitability (Wether-
ill 1994; Ward & Brownlee 2000), although this hypothesis
remains heavily debated (Horner & Jones 2008, 2009, 2010,
2012; Horner et al. 2015; Grazier 2016).
Our analysis using the Exoplanet Orbit Database yields
a total of 29234 exoplanets, residing in 2208 systems: 1728
single and 480 multiple planet systems. These exoplanets
are classified as Terrestrials, Super-Earths, Neptunians or
Jovians according to their radius (or according to their mass
in lieu of available radius data) as per the ranges defined in
Table 2. Analysing all the exoplanet systems, we find the
exoplanet classes are distributed amongst the systems as
shown in Table 1. It can be seen that all classes of planet
are reasonably well represented within the greater exoplanet
population, but also within the single and multiple planet
sub-populations.
Of particular interest is an investigation into the plan-
etary architectures of the multiple planet systems. We clas-
sify the 480 multiple systems into three broad categories
4 Confirmed exoplanets for which good orbital elements and mass
and/or radius data is available as of 2 February 2017.
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Figure 1. Planetary architectures of confirmed multiple planet systems. The exoplanets have been classified as per the criteria presented
in Table 2. (a) The 343 multiple planet systems with Terrestrial planets or Super-Earths that do not also possess a Jovian. (b) The 16
multiple planet systems with Terrestrial planets or Super-Earths that do also possess a Jovian. (c) The 121 multiple planet systems with
no Terrestrial planets or Super-Earths.
based on the planet classes present in each: Non-Jovian sys-
tems, Jovian systems that coexist with smaller Terrestrial
or Super-Earth planets, and Jovians and Neptunians with
other giant planets. Figure 1a demonstrates that when a
multiple system is found harbouring a Terrestrial or Super-
Earth planet, in the majority of cases (343/480, ∼71%) it
coexists with other Terrestrial planets, Super-Earths or Nep-
tunians. Figure 1b shows that systems with Terrestrials or
Super-Earths coexisting with a Jovian account for the small
fraction of the multiple planet systems (16/480, ∼3%), while
Figure 1c shows that non-Terrestrial or Super-Earth systems
account for about a quarter (121/480, ∼25%) of the multi-
ple planet systems. While the overall distribution of planets
in multiple planet systems shows a reasonable distribution
across each class (Table 1), the planet classes are not uni-
formly distributed in each multiple planet architecture: Ter-
restrial planets and Super-Earths are generally found with
other Terrestrials, Super-Earths or Neptunians, whereas Jo-
vians are generally found with other massive planets, i.e.
Neptunians and/or Jovians.
Examining the entire Jovian population as they occur in
both single and multiple systems, yields a total of 753 plan-
ets. We summarise our findings concerning Jovians as fol-
lows: 601 (79%) Jovians are found in single planet systems,
128 (17%) Jovians are found in multiple planet systems co-
existing with Neptunians or other Jovians, and only 24 (3%)
Jovians are found in multiple planet systems coexisting with
Terrestrial planets or Super-Earths. This demonstrates that
for the current population of confirmed exoplanets, the ma-
jority of Jovians are either found to be in single planet sys-
tems, or to coexist with other giant Jovians or Neptunians,
contrasting with our own Solar System. However, we note
that this is most likely attributable to observational bias in-
herent in the two highest yield detection methods: the tran-
sit method and radial velocity method. The current state of
the art allows for the detection of Doppler shifts to just be-
low 1 m s−1 (Dumusque et al. 2012), making the detection
of Earth-mass planets challenging (Wittenmyer et al. 2011).
As such, Jovians will completely dominate both Doppler
shift signals and transit signals. The detection of Terrestrials
in the HZ of Sun-like stars is made even more challenging
because such planets would orbit within a few au of their
host stars. The next generation of spectrographs aim to de-
tect such planets by achieving radial velocity resolutions of
around 0.1 m s−1 (e.g. ESPRESSO, Pepe et al. 2014) and
0.01 m s−1 (e.g. CODEX, Pasquini et al. 2010). As the ra-
dial velocity resolution decreases, the resultant noise from
stellar activity in Sun-like stars becomes significant (Du-
musque et al. 2011a; Anglada-Escude´ et al. 2016). We do
not consider stellar noise in our assessment herein. The small
proportion of Jovians coexisting with rocky planets and the
observational biases inherent to the current state of the art
provides motivation to investigate single Jovian planet sys-
tems as a subset of the existing exoplanet population which
may contain smaller, Terrestrial planets in the HZ that are
currently undetectable.
Giuppone et al. (2013) briefly discuss the idea of multi-
ple planets in tightly packed configurations called compact
systems. In such a system, all possible stable regions are
occupied, and the system can be considered full; no addi-
tional bodies can exist on stable orbits. An excellent exam-
ple of such a compact multiple planet system is the recently
MNRAS 000, 1–14 (2017)
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announced 7 planet system detected orbiting TRAPPIST-1
(Gillon et al. 2017). While single Jovian planet systems are
clearly not compact, their HZs may be full, depending on the
orbital parameters of the existing Jovian. It is important to
determine which systems have full HZs in order to eliminate
those systems as possible targets for future observations in
the search for potentially habitable Earth-like planets.
In this work we aim to investigate the subset of these
single Jovian planet systems that are in the Catalog of
Earth-like Exoplanet Survery Targets (CELESTA) (Chan-
dler et al. 2016). The CELESTA database calculates the HZs
of nearby Sun-like stars, calculating the stellar properties
needed to determine the HZs from Kopparapu et al. (2014),
and presents several possible HZ boundaries to choose from.
As a large proportion of the exoplanet population is observed
around non-Sun-like stars (e.g. M-dwarfs), the database does
not contain many stars with planetary bodies. Of the 37,354
stars in CELESTA for which HZs are calculated, just 120
host confirmed exoplanets. Of these 120, just 93 are sin-
gle Jovian planet systems. We cross-reference these systems
from CELESTA with the Exoplanet Orbit Database (Han
et al. 2014) to yield the planetary properties and orbital
parameters. In this work we aim to identify which of these
systems could host a 1 M⊕ planet in a stable orbit within the
HZ. For those systems, we then determine those for which
such a planet could be detected using future instruments, in
order to provide a focus for future observational efforts.
3 METHOD
We first calculate a theoretical region of chaos surrounding
the existing Jovian in the the selection of 93 CELESTA sys-
tems. To save simulation time, we remove systems that have
completely stable HZs. While these systems could host sta-
ble Terrestrial planets in their HZ, we cannot offer any fur-
ther constraints on the orbits of such habitable planets. For
the remaining systems, we first carry out dynamical simula-
tions using massless test particles (TPs) spread throughout
the HZ of each system to help identify regions of dynami-
cal stability in the HZ. For those systems predicted to have
less stable HZs, we expect significantly more interactions
between TPs and the Jovian and potentially some resonant
trapping. We increase the number of TPs for these systems
in order to yield more robust results. Finally, we conduct a
suite of simulations involving the Jovian and a 1 M⊕ planet
to check if mutual gravitational interactions (that are ab-
sent with massless TP simulations) affect any stable regions
found in the TP simulations in order to demonstrate where
Terrestrial planets could be stable in those systems.
3.1 System Selection
Here we present the method used to broadly predict the
overall stability of the HZ of exoplanetary systems. In cases
where the Jovian is located sufficiently far from the HZ, we
expect the gravitational influence of the Jovian to be negli-
gible on the HZ and leave it completely unperturbed. Test
particles within such a HZ would be capable of maintaining
stable orbits and so are computationally expensive to run
and provide little value, and so we want to eliminate such
systems before proceeding with our numerical study.
We consider the criterion for the onset of chaos based on
the overlap of first order mean motion resonances (Wisdom
1980; Duncan et al. 1989). For a planet orbiting its parent
star, a region extending a distance δ around the planet will
experience chaos, given by
δ = Cµ2/7aplanet, (1)
where C was calculated to be a constant equal to 1.57 (Dun-
can et al. 1989; Giuppone et al. 2013), µ = Mplanet/M? is
the mass ratio between the planet and its parent star, and
aplanet is the semi-major axis of the Jovian planet. Using
this overlap criterion for the onset of chaos, Giuppone et al.
(2013) present the crossing orbits criterion, which suggests
that if two planetary orbits intercept at some point, and in
the absence of some kind of resonant mechanism, close en-
counters will occur and the system will become unstable.
For a Jovian planet with an eccentric orbit, the chaotic re-
gion will extend to a distance δ exterior to the apocentre
and interior to the pericentre of its orbit. Thus, the region
of chaos is defined as
aplanet(1 − e) − δ 6 Chaotic Region 6 aplanet(1 + e) + δ, (2)
where e is the Jovian’s eccentricity, and δ is defined as in
equation 1.
We use equation 2 to calculate the region of chaos for
each of the 93 single Jovian systems from the CELESTA
database. We then compare the maximum and minimum
semi-major axes of the chaotic region with the maximum
and minimum semi-major axes of the HZ for each system,
and compute the overlap between these two regions. From
this, we define 3 classes of systems:
Green: if the chaotic region does not overlap the HZ,
Amber: if the chaotic region partially overlaps the HZ,
Red: if the chaotic region completely overlaps the HZ.
We predict that the green non-overlapping systems should
possess entirely stable HZs, the amber partially overlap-
ping systems should possess partially stable HZs, and the
red completely overlapping systems should possess unstable
HZs, except where the mutual gravitational interactions be-
tween the two bodies could stabilise specific orbits (as per
the definition by Giuppone et al. 2013). We find that for
the 93 single Jovian planet systems, 41 can be classified as
green, 26 as amber, and 26 as red. We focus our attention on
the red completely overlapping systems and amber partially
overlapping systems, where the influence of the Jovian is
predicted to strongly or relatively strongly influence the HZ.
As the green non-overlapping systems are predicted to have
stable HZs and are expected to retain the majority, if not
all, of their TPs, simulations would not help constrain the
orbits of potentially habitable Terrestrial planets in those
systems. Thus we focus on only those green systems where
the Jovian is close to the HZ; that is, where the period of
the Jovian, TJovian, is within one order of magnitude of the
period in the HZ centre, THZ (0.1 THZ 6 TJovian 6 10 THZ).
There are 13/41 green systems that satisfy this criterion.
3.2 Dynamical Simulations
We run dynamical simulations using the swift N-body soft-
ware package (Levison & Duncan 1994). swift can inte-
grate massive bodies that interact gravitationally, and mass-
MNRAS 000, 1–14 (2017)
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Table 3. The range of orbital parameters within which the test
particles were randomly distributed over the HZ, and the range
of orbital parameters, and number of values over each range (in
equally spaced intervals) over which the 1 M⊕ body simulations
were run.
TPs 1 M⊕
Min Max Min Max # of Values
a (AU) HZmin HZmax HZmin HZmax 51
e 0.0 0.3 0.0 0.3 16
i (°) 0.0 0.0 0.0 0.0 1
Ω (°) 0.0 0.0 0.0 0.0 1
ω (°) 0.0 360.0 0.0 288.0 5
M (°) 0.0 360.0 0.0 288.0 5
less test particles (TPs) that feel the gravitational forces of
the massive bodies but exert no gravitational force of their
own. We use the Regularised Mixed Variable Symplectic
(RMVS) Method (specifically, the rmvs3 integrator) pro-
vided in swift due to its advantage of being computation-
ally faster than conventional methods (Levison & Duncan
2000).
We used the Runaway Greenhouse and Maximum
Greenhouse scenarios presented by Kopparapu et al. (2014)
for the inner and outer edges of the HZ respectively5. The
inner edge corresponds with the maximum distance from the
star at which a runaway greenhouse effect would take place,
causing all the surface water on the planet to evaporate. The
outer edge corresponds to the maximum distance at which a
cloud-free CO2 atmosphere (with a background of N2) could
maintain liquid water on the Terrestrial planet’s surface.
The Runaway Greenhouse and the Maximum Greenhouse
boundaries make up the conservative HZ. The HZ bound-
aries have been shown to be strongly dependant on the un-
certainties in stellar parameters (Kane 2014). In this work,
however, we take the stellar parameters given in CELESTA
and the Exoplanet Orbit Database on face value. The TPs
were then randomly distributed throughout the HZ, within
the range of orbital parameters shown in Table 3. All simula-
tions used stellar parameters and HZ values from CELESTA
(Chandler et al. 2016), and planetary properties and orbital
parameters from the Exoplanet Orbit Database (Han et al.
2014).
The simulations were run for an integration time Tsim =
107 years, or until all the TPs were removed. The removal of
a TP is defined by the ejection of the TP beyond an astro-
centric distance of 250 au. The time step for the simulations
was set to dt = 1/40 of the smallest orbital period in the
system (Jovian planet or TPs).
Table 4 describes the sets of simulations that were car-
ried out. Set I tests the sub-set of the green non-overlapping
systems that have their Jovians nearest to their respective
HZs. Set II tests the amber partially overlapping systems
with 5000 TPs, and set III tests the red completely overlap-
ping systems with 10,000 TPs. Increasingly more TPs were
used for those systems with predictably more interacting
HZs to achieve higher resolution maps when analysing the
results.
Simulation set IV comprises a suite of simulations for
5 assuming an Earth-mass planet and an Earth-like atmosphere
Table 4. A description and size of the sets of simulations run as
part of our simulation suite.
Set Description
I A set of 13 simulations with 1000 TPs in the HZ
for all green non-overlapping systems where the
orbital period of the Jovian was within one order
of magnitude of the period in the centre of the HZ
(0.1 THZ 6 TJovian 6 10 THZ).
II A set of 26 simulations with 5000 TPs in the HZ
for all amber partially overlapping systems.
III A set of 26 simulations with 10,000 TPs in the HZ
for all red completely overlapping systems.
IV A set of 20,400 simulations with a 1 M⊕ planet
for the 26 red completely overlapping systems
(530,400 simulations in total). For each system,
20,400 simulations were run, sweeping a 1 M⊕
planet over the orbital parameter space as outlined
in Table 3.
V A set of 20,400 1 M⊕ planet simulations for those
red systems found to be stable in a narrow region
of resonant stability (15/26 systems) for a simula-
tion time Tsim = 108 years.
each red completely overlapping system with a 1 M⊕ planet
in the HZ, along with the system’s Jovian. Assuming co-
planar planets, these simulations explored the semi-major
axis (a), eccentricity (e), argument of periastron (ω) and
mean anomoly (M) parameter space of the 1 M⊕ planet.
Table 3 shows the range of orbital parameters and the num-
ber of equally spaced intervals within each range. In total a
suite of 20,400 simulations were carried out for each system,
with each simulation representing a unique set of planetary
orbital parameters. As there are 5 values explored for both
ω and M, this means there are 25 simulations for a given
pair of (a, e) values. The 1 M⊕ simulations were ran for
Tsim = 107 years, or until one of the planets were removed
or was involved in a collision. As all the Jovian planets in
these red completely overlapping sample were located in the
vicinity of the HZ (which was located well within 10 au), a
planet removal was defined following Robertson et al. (2012):
if either planet exceeded an astrocentric distance of 10 au.
A collision was defined as occurring when the planets ap-
proached within 1 Hill radii of each other. The time step for
these 1 M⊕ simulations was set to 1/20 of the smallest or-
bital period of the Jovian and 1 M⊕ planet. Simulation set V
repeats these 1 M⊕ body simulations for red systems which
hosted some stable regions for an extended integration time
of Tsim = 108 years.
3.3 Simulation Analysis
The results of the simulations were interpreted using stabil-
ity maps and resonant angle plots. The stability maps are
plotted over the semi-major axis–eccentricity (a,e) parame-
ter space. This 2-dimensional map presents the lifetimes of
bodies as a function of their initial semi-major axis (x-axis)
and eccentricity (y-axis) values.
For the Earth mass planet simulations (sets IV and V),
each simulation had the 1 M⊕ planet at a specified initial (a,
e). As mentioned above, at each (a, e) position there are 25
MNRAS 000, 1–14 (2017)
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Figure 2. A comparison between the stability maps for the simu-
lations of (a) 10,000 TP in the HZ, and (b) the 20,400 1 M⊕ simu-
lations, of the red completely overlapping system HD 137388. We
mark the location of several first and second order MMRs with
green dashed lines.
simulations exploring the (ω, M) parameter space. As such,
the maps combine the results of the 25 simulations over the
(ω, M) parameter space by plotting the mean lifetime of all
bodies with those (a, e) values (similar to previous work by
Wittenmyer et al. 2012; Robertson et al. 2012). Figure 2
shows a comparison of the two types of stability map: the
lifetime of randomly distributed TPs across the HZ (Fig. 2a),
and the average lifetime of a 1 M⊕ body being swept through
the orbital parameter space (Fig. 2b).
Figure 3 shows the time evolution of the resonant an-
gle for all 1 M⊕ bodies that were trapped in 4:3 resonance
with the Jovian planet in the HD 137388 system from our
simulations. Such plots reveal whether potentially resonant
1 M⊕ bodies librate, and can therefore be considered to be
trapped in mean-motion resonance.
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Figure 3. The librating resonant angle φ = 4λ′ − 3λ − ω′ versus
time for the stable bodies (6) of the 4:3 MMR with the Jovian
in the red completely overlapping system HD 137388. Note that
each body is run in its own simulation, with the resonant angle
from all simulations stacked.
4 RESULTS AND DISCUSSION
For the green non-overlapping systems where the orbital pe-
riod of the Jovian was within one order of magnitude of the
period in the centre of the HZ which we simulated in set I,
we found that some TPs in the HZ were still disrupted by
the presence of such a Jovian. An example system is shown
in Figure 4. Despite this, our results demonstrated that the
majority of the TPs remain in stable orbits in the HZ. As a
result of their stability, these systems were computationally
expensive to simulate, since typically they retain the ma-
jority, if not all, of their TPs. Due to the presence of these
large, unperturbed regions of the HZ within which TPs are
dynamically stable, we conclude that it is dynamically pos-
sible for a Terrestrial planet to be hidden in the HZ of green
non-overlapping systems for which the chaotic region does
not overlap the HZ. Given we cannot further constrain the
location of these potentially habitable Terrestrials, the green
systems were not tested further.
Based on the classification and selection scheme out-
lined in section 3.1, the results from the amber partially
overlapping systems (set II) behave as expected. We can see
in Figure 5 that there is a gradient of stability across the HZ,
moving from more stable regions farther from the Jovian, to
more unstable in regions nearer to the Jovian. Similar to the
green non-overlapping systems, the presence of large, unper-
turbed regions of the HZ where TPs are dynamically stable
in the amber partially overlapping systems suggest that it
is dynamically possible for a Terrestrial planet to be hidden
in the HZ of these systems. Our simulations cannot further
constrain these locations, so no further investigation of these
systems is conducted.
More than half of the red systems were found to con-
tain regions of stability, some of which were aligned with the
MMRs of the Jovian. As the HZs of these systems were sig-
nificantly influenced by the presence of the Jovian, it would
be reasonable to consider whether mutual interactions with
the massive planet affected the stability. We continued this
investigation with additional simulations in which we re-
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Figure 4. The stability map of the green non-overlapping sys-
tem HD 67087 with 1000 TPs in the HZ. The Jovian planet is
located interior to the HZ. We mark the location of several first
and second order MMRs with green dashed lines.
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Figure 5. The stability map of the the amber partially over-
lapping system HD 48265 with 5000 TPs in the HZ. The Jovian
planet is located interior to the HZ. We mark the location of
several first and second order MMRs with green dashed lines.
placed the massless TPs with a 1 M⊕ planet. Set IV exam-
ined all 26 of the red completely overlapping systems, and
identified 15 systems for which 1 M⊕ planets might prove
stable at some location within the HZ. For Set V, we took
this subset of 15 stable systems and performed significantly
longer simulations of duration Tsim = 108 years. The results
showed that all 15 of these systems were found to be capa-
ble of hosting a 1 M⊕ planet on a stable orbit within their
HZ, and were then reclassified as blue resonant systems.6
Figure 6 shows the stability maps of all 15 of these blue res-
onant systems from set V, while Table 5 shows the system
6 Note that this label is semantic, as it was found that some of
the stable bodies do not appear to be in resonant configurations
(stable bodies that are not in an MMR do not show up in the
libration plots shown in Figure A1).
properties of the 11 remaining red completely overlapping
systems and the 15 reclassified blue resonant systems.
We next consider the architectures of all 65 systems
we simulated. Figure 7 plots normalised semi-major axis
(a/aHZ,mid) along the x-axis and all the systems along the y-
axis in increasing order of their normalised semi-major axis.
The normalised semi-major axis indicates where an object
is located relative to the centre of the HZ (aHZ,mid), and can
also be used to indicate the locations of the inner and outer
boundaries of the HZ and chaotic region relative to aHZ,mid.
The advantage of the normalised semi-major axis is that
it allows for a clearer comparison across systems. We plot
the normalised semi-major axis for the position of the Jovian
with error bars that represent the periastron and apastron of
its orbit (so systems with larger error bars indicate a higher
eccentricity), the HZ of each system in aqua (the inner and
outer edges), and the chaotic region of each Jovian in orange.
Each Jovian is then plotted with a size corresponding to its
mass ratio, µ, and a colour corresponding to its overlapping
classification (green, amber, red, or blue).
Figure 7 highlights some interesting architectural char-
acteristics. All systems with Jovian planets interior to the
HZ exhibit at least partial or complete regions of stability,
i.e. they are either amber or green. For Jovians significantly
interior to the HZ, such as hot Jupiters on orbits with radii
of ∼0.05 au, this seems intuitive. However, it highlights a
potential asymmetry on either side of the HZ. We also find
that a number of the red systems with a Jovian exterior to
the HZ can host stable regions, i.e. some become blue sys-
tems. While it might be thought that a Jovian interior to
the HZ would pose challenges in regards to planetary forma-
tion, several studies have suggested that there may still be
sufficient material available for Terrestrial planet formation
in the HZ after the inward migration of a Jovian to the inner
regions of a planetary system (Mandell & Sigurdsson 2003;
Fogg & Nelson 2005; Raymond et al. 2006; Mandell et al.
2007). However, observational evidence has not yet inferred
the presence of nearby companions to hot Jupiters (Steffen
et al. 2012). In contrast, warm Jupiters and hot Neptunes
have been found to coexist with nearby companions (Huang
et al. 2016). Steffen et al. (2012) highlights that while this
may indicate the companions do not exist, there is still the
possibility that they are too small to be detected or are be-
ing missed (e.g. because they have very large transit timing
variations and are missed by the transit search algorithm).
In Figure 8 we show the system architectures in order
of increasing eccentricity for all the red completely overlap-
ping and blue resonant systems. It should be noted that the
Jovian’s eccentricity is determined from the best fit of the
observed data and is often overestimated in radial veloc-
ity studies. A similar signature could result from a multi-
ple planet system with lower eccentricities (Anglada-Escude´
& Dawson 2010; Anglada-Escude´ et al. 2010; Wittenmyer
et al. 2013). This highlights more clearly the influence of
a Jovian’s eccentricity on its ability to coexist with Earth
mass planets in stable MMRs. With an eccentricity greater
than ∼ 0.4, a Jovian is much less likely to host a stable MMR
that could be occupied by an Earth mass planet. Those that
could coexist with Earth mass planets in stable orbits in
the HZ possess very low µ ratios. This result highlights that
systems with a Jovian with e & 0.4 near the HZ seem un-
likely to be able to host a rocky planet within the HZ. This
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Figure 6. The stability maps for all the red systems with stable MMRs. These are the 15 systems re-classifed as blue resonant systems.
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Figure 7. The planetary architectures of all the simulated single Jovian planet systems (65/93). The aqua shaded region indicates the
HZ for each system as per the equations presented by Kopparapu et al. (2014), while the orange region indicates the chaotic region as
per the equations presented by Giuppone et al. (2013). The size of each planet represents the mass ratio, µ = Mplanet/M?, of the system.
The error bars indicate the apsides of the orbit of the Jovian. The colour represents the system class, with the blue class representing
those red systems that are found to have stable MMR zones.
MNRAS 000, 1–14 (2017)
10 M. T. Agnew et al.
Table 5. The system properties and orbital parameters of the blue resonant (upper) and red completely overlapping (lower) systems.
All Jovians were detected via the radial velocity method.
Star Jovian†
Type Mass HZinner HZouter M sin i a e ω Instrument Detection Reference*
(M) (AU) (AU) (MJupiter) (AU) (°)
HD 10697 G5 IV 0.847 1.735 3.116 6.23505 2.13177 0.099 111.2 HIRESa Vogt et al. (2000)
HD 16760 G5 V 0.991 0.7573 1.3407 13.2921 1.08727 0.067 232 HIRESa, HDSb Sato et al. (2009)
HD 23596 F8 1.19 1.5307 2.681 7.74272 2.77219 0.266 272.6 ELODIEc Perrier et al. (2003)
HD 34445 G0 V 1.06 1.425 2.5121 0.790506 2.06642 0.27 104 HIRESa Howard et al. (2010)
HD 43197 G8 V 0.945 0.8359 1.485 0.596868 0.918027 0.83 251 HARPS d Naef et al. (2010)
HD 66428 G5 0.83 1.254 2.257 2.74962 3.14259 0.465 152.9 HIRESa Butler et al. (2006)
HD 75784 K3 IV 0.719 2.408 4.4125 5.6 6.45931 0.36 301 HIRESa Giguere et al. (2015)
HD 111232 G5 V 0.933 0.8849 1.574 6.84182 1.97489 0.2 98 CORALIEe Mayor et al. (2004)
HD 132563 B - 1.53 1.496 2.585 1.492470 2.62431 0.22 158 SARGf Desidera et al. (2011)
HD 136118 F9 V 1.09 1.67 2.939 11.6809 2.33328 0.338 319.9 Hamiltong Fischer et al. (2002)
HD 137388 K0/K1 V 0.8819 0.6848 1.225 0.227816 0.88883 0.36 86 HARPS d Dumusque et al. (2011b)
HD 147513 G3/G5 V 1.109 0.9279 1.6312 1.179650 1.30958 0.26 282 CORALIEe Mayor et al. (2004)
HD 148156 F8 V 1.324 1.26 2.197 0.847612 2.12913 0.52 35 HARPS d Naef et al. (2010)
HD 171238 K0 V 0.955 0.89014 1.58 2.60901 2.54268 0.4 47 CORALIEe Se´gransan et al. (2010)
HD 187085 G0 V 1.24 1.349 2.359 0.803694 2.02754 0.47 94 UCLESh Jones et al. (2006)
HD 216437 G2/G3 IV 1.102 1.4115 2.4825 2.16817 2.48556 0.319 67.7 UCLESh Jones et al. (2002)
HD 131664 G3 V 1.122 1.165 2.047 18.3282 3.17098 0.638 149.7 HARPSd Moutou et al. (2009)
HD 132406 G0 V 0.848 1.34 2.406 5.60495 1.98227 0.34 214 ELODIEc da Silva et al. (2007)
HD 141937 G2/G3 V 1.13 0.9993 1.755 9.4752 1.50087 0.41 187.72 CORALIEe Udry et al. (2002)
HD 16175 G0 1.15 1.749 3.069 4.37946 2.1185 0.6 222 Hamiltong Peek et al. (2009)
HD 190228 G5 IV 0.962 2.014 3.574 5.94193 2.60478 0.531 101.2 ELODIEc Perrier et al. (2003)
HD 2039 G2/G3 IV/V 1.16 1.399 2.453 5.92499 2.19755 0.715 344.1 UCLESh Tinney et al. (2003)
HD 22781 K0 V 0.83 0.58511 1.053 13.8403 1.16847 0.8191 315.92 SOPHIEi Dı´az et al. (2016)
HD 45350 G5 V 0.999 1.176 2.081 1.83614 1.94413 0.778 343.4 HIRESa Marcy et al. (2005)
HD 50554 F8 V 1.18 1.103 1.9319 4.39876 2.26097 0.444 7.4 HIRESa, Hamiltong Fischer et al. (2002)
HD 86264 F7 V 1.4 1.866 3.245 6.62738 2.84117 0.7 306 Hamiltong Fischer et al. (2009)
† I , Ω and M were 0.0° for all systems simulated. * Detection reference from the Exoplanet Orbit Database (Han et al. 2014).
a HIRES (High Resolution Echelle Spectrometer) at Keck Observatory.
b HDS (High Dispersion Spectrograph) at the Subaru Telescope.
c ELODIE echelle spectrograph at the Haute-Provence Observatory.
d HARPS (High Accuracy Radial velocity Planet Searcher) speectrograph at La Silla Observatory.
e CORALIE echelle spectrograph at La Silla Observatory. f SARG high resolution spectrograph at the Telescopio Nazionale Galileo
(TNG) g Hamilton echelle spectrograph at Lick Observatory. h UCLES (University College London Echelle Spectrograph) at
the Anglo-Australian Telescope. i SOPHIE echelle spectrograph at the Haute-Provence Observatory.
conclusion is based on the architecture of the system as it
is today, and does not take into account the dynamical evo-
lution of the system to this point. However, other studies
on the dynamical evolution of multiple Jovian and massive
body systems independently draw a similar conclusion (e.g.
Carrera et al. 2016; Matsumura et al. 2016), suggesting that
massive bodies with e &0.4 result from planetary scattering
and that a rocky planet is unlikely to survive in the HZ of
such systems.
4.1 Searching for Exo-Earths in Single Jupiter
Systems
Our dynamical study of 65 single Jovian systems has re-
vealed a range of semi-major axes in the HZ of the sys-
tems that could host stable orbits. If a 1 M⊕ planet were to
exist in these regions, would it be detectable with current
or future instruments? We can determine the magnitude of
the Doppler wobble a 1 M⊕ planet located at these stable
semi-major axes would induce on its host star. The semi-
amplitude of the observable Doppler shift is given by
K =
(
2piG
T⊕
) 1
3 M⊕ sin I
(M? + M⊕) 23
1√
1 − e2⊕
(3)
where G is the gravitational constant, M? is the mass of
the host star, I is the inclination of the planet’s orbit (with
respect to our line of sight) and T⊕, e⊕ and M⊕ are the pe-
riod, mass and eccentricity of the 1 M⊕ planet respectively.
Performing this calculation for all systems found with stable
regions in the HZ provides a guide to which systems would
be good targets for future observational follow-up. Figures
9 and 10 show the radial velocity sensitivity required to de-
tect a 1 M⊕ planet at the corresponding stable semi-major
axes of all of the 1 M⊕ simulated blue systems and the TP
simulated green and amber systems respectively. Figure 11
similarly shows the radial velocity sensitivity required to de-
tect a 1 M⊕ in the HZ of those green systems we did not
simulate because they are predicted to have completely sta-
ble HZs due to the Jovian being located sufficiently far from
the HZ as discussed in Section 3.3.
Current instruments cannot resolve Doppler shifts much
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Figure 8. The planetary architectures of all the red completely overlapping and blue resonant systems (26/93) ordered vertically by
eccentricity. The aqua shaded region indicates the HZ for each system as per the equations presented by Kopparapu et al. (2014), while
the orange region indicates the chaotic region as per the equations presented by Giuppone et al. (2013). The size of each point represents
the mass ratio, µ = Mplanet/M?, of the system. The error bars indicate the apsides of the orbit of the Jovian. The colour represents the
system class, with the blue class representing those red systems that were found to have stable MMR zones. The solid blue lines mark
threshold eccentricity values.
smaller than 1 m s−1 (Dumusque et al. 2012; Swift et al.
2015), and so 1 M⊕ planets in the stable regions of the
HZ of these systems are currently undetectable. The sen-
sitivities of the future instruments, such as ESPRESSO
(Echelle SPectrograph for Rocky Exoplanet- and Stable
Spectroscopic Observations) for the Very Large Telescope
and CODEX (COsmic Dynamics and EXo-earth experi-
ment) for the European Extremeley Large Telescope, aim
to resolve Doppler shifts to as low as 0.1 m s−1 (Pepe et al.
2014) and 0.01 m s−1 (Pasquini et al. 2010) respectively. As
mentioned earlier, the resultant noise from stellar activity in
Sun-like stars is not considered in our assessment but will
need to be taken into account at such low detection limits
to avoid false positives (Robertson et al. 2014).
We overlay the radial velocity sensitivities of
ESPRESSO and CODEX on Figures 9, 10 and 11 to
demonstrate the detection limit of both of these future
instruments (the coffee region representing ESPRESSO and
the purple region representing CODEX). Those systems
which have points or spans only in the coffee coloured region
of the plots indicate that, if a stable Earth-mass planet
exists in the HZ, it will be detectable by ESPRESSO. The
detectability of systems for which points or spans straddle
both the coffee and purple coloured zones of the plots is
uncertain, since we cannot further constrain the location of
a stable Earth-mass planet in the HZ of these systems. The
remaining systems (those that reside only in the purple zone
of the plots) will require CODEX to detect any potential
Earth-mass planets.
We identify 8 systems for which a stable 1 M⊕ planet
in the HZ is completely within ESPRESSOs detection limit,
(i.e., those systems in Figures 9, 10 and 11 for which the
points or spans are only in the coffee region of the plots)
suggesting they would be good candidates for future obser-
vational follow up. These include one system identified via
the 1 M⊕ planet simulations (HD 43197; Fig. 9), 3 via the
test particle simulations (HD 87883, HD 164604 and HD
156279; Fig. 10) and 4 via the crossing orbits criterion pre-
sented by Giuppone et al. (2013) (HD 285507, HD 80606,
HD 162020 and HD 63454; Fig. 11). These systems should
be a priority for ESPRESSO. We also identify 5 additional
systems for which the points or spans straddle both the cof-
fee and purple coloured zones. These systems should be a
second priority in ESPRESSO target lists. These systems
include three identified via the 1 M⊕ planet simulations (HD
137388, HD 171238 and HD 111232; Fig. 9), one from test
particle simulations (HD 99109; Fig. 10) and one from the
crossing orbits criterion (HD 46375; Fig. 11). It should be
emphasised that the induced Doppler shifts are all for 1 M⊕
planets and so more massive planets could still be found
within ESPRESSO’s detection limits. CODEX will reach a
low enough detection limit that all of the 1 M⊕ planets in
the stable regions of each system’s HZ would be detectable,
if they exist.
5 CONCLUSIONS
We have taken a systematic approach to investigate all 93
single Jovian planet systems in the CELESTA database in
order to identify promising candidates for future observa-
tional follow up and to better identify the properties of
planetary architecture in those systems that could harbour
an Earth-mass planet in their HZ. As a 3-body system, the
dynamics of star-Jovian-Terrestrial systems are unsolvable
analytically, and so it is difficult to predict in which systems
Jovian and Terrestrial planets can coexist. We first use an
analytic classification scheme to remove systems with com-
pletely stable HZs for which we are unable to further con-
strain the location of stable orbits from numerical studies.
We then use N-body simulations of the evolution of mass-
less test particles to identify regions within the HZ which
could host dynamically stable orbits, and follow these with
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Figure 9. The semi-amplitude of Doppler wobble induced on all
fifteen M⊕ simulated systems that were found to be capable of
hosting a 1 M⊕ in its HZ. At stable semi-major axes positions,
the semi-amplitude of the induced Doppler wobble was calculated
with equation 3. The systems are ordered by strength of the radial
veloctiy semi-amplitude. The brown shaded and pink regions in-
dicate the detection limits of the future instruments ESPRESSO
(0.1 m s−1) and CODEX (0.01 m s−1) respectively.
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Figure 10. As per Fig. 9, but for the thirty-nine test particle
simulated systems.
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Figure 11. As per Fig. 9, but for the twenty-eight green systems
that we did not simulate as discussed in Section 3.1.
a suite of simulations with a 1 M⊕ body, to make prediction
of which systems could harbour a Terrestrial planet in their
HZs. Our key findings include:
• For the 67 systems in which the chaotic region of the
Jovian does not overlap – or only partially overlaps – the HZ,
there are large regions of stability in which test particles can
maintain stable orbits in the HZ, and so we predict that a
1 M⊕ body could also do so in these systems.
• For the 26 systems in which the chaotic region of the
Jovian completely overlaps the HZ, numerical simulations
show that a 1 M⊕ body can still maintain stable orbits in the
HZ of some of these systems (15/26 systems; see Table 5),
often as a result of the body being trapped in MMRs with
the Jovian.
• Of all the single Jovian planet systems we investigate,
only 11/93 (∼ 12%) were incapable of hosting a small body
in a stable orbit within the HZ.
• We find that Jovians with e & 0.4 seem unlikely to co-
exist with Terrestrial planets in the system’s HZ. Systems
containing Jovians with such high eccentricities are thought
to be the result of dynamical instabilities that would have
resulted in the collision or ejection of other planets in the HZ
(Carrera et al. 2016). Given that the fitting of radial veloc-
ity data can overestimate the eccentricity of observed single
Jovian planets (Anglada-Escude´ & Dawson 2010; Anglada-
Escude´ et al. 2010; Wittenmyer et al. 2013), this points to
the need for ongoing follow up work to better constrain the
orbits of such systems.
• Interior Jovians do not overlap as strongly with the HZ,
while exterior Jovians tend to overlap with more of the HZ.
However, interior Jovians raise potential problems in the
formation and migration of the Jovian to such a position,
and this may pose problems for Terrestrial planet formation
in the HZ after such migration (Armitage 2003). However,
studies have shown that there can still be sufficient material
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for Terrestrial planet formation (Mandell & Sigurdsson 2003;
Fogg & Nelson 2005; Raymond et al. 2006; Mandell et al.
2007). Conversely, exterior Jovians do not pose the same
formation and migration problems and have demonstrably
stable MMRs that can host a 1 M⊕ in the HZ.
• We identify 8 systems for which stable 1 M⊕ planets
in the HZ are dynamically stable and could be detected
with the future ESPRESSO spectrograph, if they exist: HD
43197, HD 87883, HD 164604, HD 156279, HD 285507, HD
80606, HD 162020 and HD 63454. We also identify 5 addi-
tional systems that can support 1 M⊕ planets in the HZ and
may be detectable, but that also have stable regions within
the HZ outside of the detection limit of ESPRESSO: HD
137388, HD 171238, HD 111232, HD 99109 and HD 46375.
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Figure A1. The librating resonant angles φ = (p + q)λ′ − pλ − qω′ versus time for all the stable bodies of the (p + q) : p MMR for
the Jovians in the red completely overlapping systems with stable regions. Note that each body is run in its own simulation, just the
resonant angle plots are stacked.
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